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FOREWORD 


This  work  was  performed  by  Stanford  University,  in  co¬ 
operation  with,  and  as  a  subcontractor  to,  Norton  Advanced 
Ceramics  Division  of  Saint  Gobain/Norton  Industrial  Ceramics 
Corporation.  This  report  presents  the  results  of  two  main  tasks 
included  in  Subcontract  No.  2885  of  Prime  Contract  F33615-92-C- 
5917,  issued  by  the  United  States  Department  of  the  Air  Force, 

Air  Force  Systems  Command,  WPAFB,  OH. 

This  written  report  is  mainly  the  work  of  Butrus  T.  Khuri- 
Yakub,  Ph.D.,  in  cooperation  witli,  and  as  a  subcontractor  to, 
Norton  Advanced  Ceramics  Division  of  Saint  Gobain/Norton 
Industrial  Ceramics  Corporation.  The  contributing  effort  of 
Chung-Kao  Peter  Hseih,  Ph.D.,  for  writing  the  Appendix,  "Laser 
Ultrasound;  One-Point-Contact  Measurement",  key  to  the  success  of 
this  program,  is  gratefully  acknowledged. 

The  work  described  herein  is  specific  to  Norton  Advanced 
Ceramics  NBD-200  material  and  may  not  represent  the  capabilities 
of  other  silicon  nitride  materials. 

Several  additions,  changes  and  edits  were  made  to  this 
report  at  Norton  Advanced  Ceramics . 
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1 . 0  SUMMARY 


This  report  presents  the  work  accomplished  under  Contract 
F33615-92-C-5917 :  Subcontract  2885,  awarded  to  Stanford 
University,  for  the  development  of  an  NDE  technique  for  silicon 
nitride  balls.  The  major  objective  of  this  work  was  to  improve 
hybrid  bearing  bearing  reliability  by  the  elimination  of  critical 
size  flaws  that  cause  early  failures. 

Two  main  tasks  were  included  in  this  Subcontract .  These 
were;  develop  and  demonstrate  a  Surface  Acoustic  Wave  NDE 
technique  for  NBD-200  silicon  nitride  balls,  and  verification  of 
this  technique  as  an  NDE  inspection  method  by  fatigue  life 
testing  of  balls  inspected  using  this  technique. 

A  single  point  contact  Surface  Acoustic  Wave  Inspection 
technique  was  developed.  This  technique  was  demonstrated  on  balls 
containing  both  natural  and  artificial  defects,  with  some 
success.  A  theoretical  model  was  developed  for  the  system  and 
predicted  results  were  compared  to  experimental  results. 

A  quantity  of  250  7/16"  NBD-200  balls  were  inspected  using 
the  technique  developed.  Of  these  250  balls,  224  were  tested  in 
hybrid  bearings,  at  2.9  MPa  (420  TSI)  contact  stress. 

Post-mortem  analysis  of  failures  in  the  hybrid  bearing  tests 
were  conducted.  These  results  have  been  discussed  in  more  detail 
in  Volume  One  of  this  report . 

The  technique  was  not  entirely  successful  in  improving 
reliability,  but  did  show  some  promise  for  identification  of 
specific  defect  types  in  silicon  nitride  balls. 
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2 . 0  INTRODUCTION 


Silicon  nitride  bearing  balls  hold  a  great  deal  of  promise 
for  replacing  steel  bearing  balls  in  a  number  of  critical 
applications.  However,  ceramics  are  brittle  materials,  and  the 
presence  of  surface  and  near  surface  defects,  such  as  inclusions 
or  cracks  in  the  bearing  balls,  are  very  detrimental  to  their 
performance.  Thus,  there  is  a  great  need  for  a  reliable, 
quantitatve,  NDE  technique  for  silicon  nitride  bearing  balls.  The 
Tasks  of  this  Subcontract  that  support  this  need  are  outlined 
below: 

Task  3.1.1  Characterize  Defects  in  NBD-200  Bearing  Balls 
Natural  Defects 
Artificial  Defects 


Task  3.1.5  Develop  Non-Contact  Acoustic  NDE  Method 
Develop  Excitation  and  Pici^up  Techniques 
Develop  Theoretical  Model 

Inspect  Balls  With  Natural  and  Artificial  Defects 


Task  3.1.6  NDE  and  Life  Test  of  Balls 

Tasks  3.1.1  and  3.1.5  were  combined  in  this  report .  Details 
of  the  Non-Contact  Acoustic  Technique  have  been  furnished  in  the 
Appendix . 
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3.0  DEVELOPMENT  OF  NON- CONTACT  ACOUSTIC  NDE  METHOD:  TASK  3.1.5s 


3.1  Development  of  Excitation  and  Pickup  Technique 

Prior  to  the  work  on  this  contract,  a  two  point  contact 
resonant  sphere  technique  had  been  developed  and  used 
experimentally  for  surface  defect  inspection  of  silicon  nitride 
balls.  This  method  had  several  practical  limitations  when  used  to 
inspect  small  spheres .  An  improved  Single  Point  Contact  Surface 
Acoustic  Wave  technique  was  developed  to  overcome  these 
limitations . 

The  concept  for  this  inspection  method  is  shown  in  Figure  1. 
A  driven  transducer  excites  longitudinal  plane  waves  in  a  fused 
quartz  buffer  rod.  The  test  ball  rests  on  one  contact  point  in 
the  bottom  of  a  precise  spherical  depression  in  the  the  rod.  The 
precise  radius  promotes  coupling  efficiency.  The  buffer  rod 
drives  the  ball,  producing  surface  wave  resonances  in  the  ball. 
The  displacements  caused  by  the  surface  waves  are  measured  by  a 
laser  heterodyne  interferometer  at  the  "north  pole"  of  the  ball. 

The  major  advantage  of  this  technique . is  that  the  ball  is 
contacted  only  at  one  point.  The  size  of  the  contact  area  is 
determined  by  the  size  of  the  ball  and  its  mechanical  propei'ties. 
Another  advantage  is  that  the  frequency  of  operation  can  range 
from  DC  to  100 's  of  m.egahertz.  This  is  important  when 
investigating  the  excitation  and  detection  of  resonant  modes 
corresponding  to  shear,  torsional  and  surface  acoustic  waves, 
because  different  modes  are  sensitive  to  different  properties  and 
defects  in  the  balls. 

The  premise  of  this  technique  is  that  by  measuring  the  low 
frequency  resonance  (shear  and  torsional  waves)  one  measures  the 
mechanical  properties  of  the  ball,  while  measuring  the  high 
frequency  resonance  (surface  waves)  one  measures  the  presence  of 
surface  and  near  surface  defects  in  the  balls.  This  technique  is 
the  only  known  technique  that  can  non -destructively  excite  and 
detect  high  frequency  surface  waves  on  balls. 

A  full  description  of  the  system  and  some  sample  results  are 
presented  in  the  Appendix  which  is  a  portion  of  a  PhD  Thesis. 
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SURFACE  ACOUSTIC  WAVE  INSPECTION 

SINGLE  POINT  CONTACT  TECHNIQUE 

LASER  INTERFEROMETER 
(Amplitude  &  Phase) 

FOCUSING  LENS 
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BUFFER  ROD 

TRANSDUCER 
EXCITER 


Figure  1 :  Single  Point  Contact  Surface  Acoustic  Wave  Inspection 
Technique . 
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3.2  Development  of  Theoretical  Model 


The  resonant  frequencies  of  a  solid  sphere,  which  is  an 
inherent  resonant  system  for  surface  waves  diverging  and 
converging  periodically  on  its  free  surface,  are  given  by  the 
solutions  of  a  transcendental  equation.  The  equation  is  obtained 
by  imposing  the  boundary  conditions  of  zero  traction  at  the  free 
surface  as  well  as  the  continuity  conditions  of  the  various 
eigenfunctions.  The  amplitude  distribution  on  the  surface  is 
given  by  the  Legendre  function  Pn(cos6)  of  order  n  and,  along  the 
radius,  by  spherical  Bessel  functions  and  their  derivatives, 
j"(kr)  and  j'n(kr),  where  9  is  the  polar  angle  coordinate,  r  is 
the  radial  coordinate,  and  prime  indicates  differentiation  with 
respect  to  the  argument.  For  a  given  integer  n,  the  lowest 
solution  corresponds  to  Rayleigh  waves,  the  higher  ones  are 
referred  to  as  "whispering  gallery' '  waves.  This  seems  to  be  a 
general  feature  of  waves  propagating  in  a  curved  free  surface, 
i.e.,  they  can  be  grouped  into  Rayleigh  waves  and  whispering 
gallery  waves.  The  penetration  depths  of  the  diverse  modes  are 
different.  Thus,  an  appropriate  mode  and  order  may  be  chosen  to 
emphasize  a  region  of  interest.  The  resonance  of  Rayleigh  waves 
and  the  first  two  modes  of  whispering  gallery  waves  were  examined 
in  this  study.  For  good  balls,  the  observed  resonant  frequencies 
were  in  agreement  with  the  theor'^’ .  The  degree  of  badness  could 
be  correlated  with  the  deviation  of  the  resonant  frequencies  from 
the  theoretical  predictions. 

The  spectrum  of  a  solid  ceramic  sphere  is  shown  in  Figure  2. 
The  normalized  frequency  is  given  by  coa/vt,  where  co  is  the 
circular  frequency,  a  is  the  radius  of  the  ball,  and  v^  is  the 
transverse  shear  velocity.  Figure  3  presents  the  behavior  of  the 
first  five  modes  for  high  frequency.  These  values  have  been 
calculated  for  Poisson's  ratio,  v=.262,  corresponding  to  a 
measured  value  from  an  earlier  experiment.  The  lowest  branch,  for 
n^l,  corresponds  to  Rayleigh  waves,  and  the  higher  ones  to  the 
so-called  "whispering  gallery"  waves.  When  n  tends  to  infinity, 
the  Rayleigh  wave  tends  to  ordinary  Rayleigh  waves  propagating  on 
a  plane  surface.  We  note  that  (n+l)2n  corresponds  to  the  phase 
shift  for  waves  propagating  one  revolution,  2na,  around  the 
sphere;  thus  increasing  n  is  equivalent  to  increasing ,ka.  When  n 
is  small,  the  curvature  of  the  surface  plays  an  important  role. 

All  of  the  whispering  gallery  modes  start  from  n=l  at 
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various  frequencies.  However,  the  second,  fourth,  .  .  . 

whispering  gallery  waves,  which  correspond  to  the  longitudinal 
wave  radial  resonance,  start  at  n=0.  We  note  that  for  n=0,  the 
first,  third,  .  .  .  whispering  gallery  waves,  correspond  to 

imaginary  shear  wave  radial  resonance,  which  do  not  exist 
physically.  For  each  whispering  gallery  mode  or  Rayleigh  mode, 
every  integer  n  value  refers  to  a  resonant  frequency  of  order  n. 
We  recall  that  the  angular  distribution  of  vibration  is  given  by 
Pn(cos6) .  Thus  the  feature  of  the  normal  displacement  on  a  free 
solid  surface  is  similar  to  that  of  a  gas  bubble  in  water. 

It  was  also  shown  that  the  resonant  frequency  of  the  lowest 
branch  approaches  f=nvR/ (2na) ,  as  n  becomes  large,  where  Vr 
denotes  Rayleigh  wave  velocity.  The  penetration  depth  of  the 
Rayleigh  branch  is  approximately  I.BXr  where  Xr  is  Rayleigh's 
wavelength  defined  by  XR=2nvR/a3.  We  also  found  that  the 
whispering  gallery  branches  become  nondispersive  as  n  becomes 
large  and  that  their  resonant  frequency  can  be  written  as 
f=cnvt/2na,  where  c  is  a  numerical  factor  that  depends  on  the 
branch  number. 


The  integer  n 

Figure  2 :  Spectrum  of  a  Ceramic  Sphere 
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Figure  3 :  Theoretical  Resonances 


3.3  Inspection  of  Balls  with  Natural  and  Artificial  Defects 

Initial  tests  were  made  on  50  balls,  some  that  passed 
all  Cerbec  inspections  with  no  defects,  some  with  natural 
defects,  and  some  with  different  types  of  artificial  defects.  The 
natural  defects  were  iron  rich  regions,  low  density  regions, 
large  points  of  out  of  roundness,  and  long  meandering  scratches. 
The  artificial  defects  were  Vickers  indentation  cracks  of  various 
sizes.  These  artificial  cracks  were  similar  in  size  to  those  used 
in  the  baseline  life  testing  performed  at  Timken  Research  and  the 
thermal  proof  testing  at  University  of  Dayton.  All  these  samples 
were  inspected  using  this  acoustic  NDE  technique.  The  defective 
balls  were  easy  to  identify  by  the  defects'  influence  on  surface 
wave  resonances.  Mostly,  the  resonances  were  modulated  and  some 
disappeared  completely  from  the  spectrum.  It  was  not  possible  to 
investigate  individual  peaks  for  variations  in  the  quality 
factors  of  the  peaks  because  of  the  strong  effect  the  defects  had 
on  the  resonances . 
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The  defects  influence  the  spectrums  of  the  silicon  nitride 
balls  mainly  in  the  following  ways: 

•  Scrambling  of  resonances 

•  Disappearance  of  some  resonances 

Noisy  signals  associated  with  resonances 

•  Decrease  of  the  signal  at  resonance 

•  Appearance  of  new  resonances 

Some  examples  of  results  obtained  using  this  technique  are 
shown  in  Figures  4  through  14,  on  the  following  pages.  The  balls 
are  7/16  in.  NBD-200,  from  CERBEC  (now  Norton  Advanced  Ceramics) 
Lot  #  922563.03. 


BaUH 
Perfect  BaU 


Figure  4:  Resonant  Spectrum,  7/16  in.  NBD-200  Ball 
Lot#  922563.03,  No  Defects 
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diflplac«ment(A) 


Figure  9:  7/16  in.  NBD-200  Ball,  Lot#  922563.03 
Meandering  Scratch,  450x  Magnification 

BaUX 

Meandering  Scratch 


freq  (MHz) 


Figure  10:  Resonant  Spectrum,  7/16  in.  NBD-200  Ball 
Lot#  922563.03,  Meandering  Scratch 


displacementcA) 


Figure  13:  7/16  in.  NBD-200  Ball,  Lot  922563.03 
Large  Iron  Inclusion,  450x  Magnification 


BaUU 

Large  Iron  Concentration 


49.00  49.20  49.40  49.60  49.80  50.00 


freq  (MHz) 

Figure  14:  Resonant  Spectrum,  7/16  in.  NBD-200  Ball 
Lot  922563.03,  Large  Iron  Inclusion 
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Figure  4  shows  the  resonant  spectrum  for  a  ball  with  no 
defects  found  in  the  optical  inspections  normally  used.  Note  the 
resonant  frequencies  and  that  the  maximum  amplitude  of  any 
resonance  is  3.2  A. 

Figures  5  through  8  show  results  for  single  Vickers  Indents 
using  0.50  and  5.0  Kg  loads.  For  these  defects,  the  following  can 
readily  be  seen: 


•  A  reduction  in  maximum  amplitudes 

•  An  increase  in  noise  levels  between  the  resonances 

•  Disappearance  of  some  of  the  resonances 

•  Shifting  of  some  resonant  frequencies 

Figures  9  and  10  show  results  for  a  "meandering  scratch"  on 
the  ball.  This  type  of  scratch  is  very  superficial  and  is 
associated  with  certain  ball  cleaning  processes.  This  type  of 
scratch  is  not  performance  limiting  in  silicon  nitride  balls.  As 
before,  an  increase  in  noise  levels,  reduction  in  amplitudes,  and 
some  shift  in  resonances  occurs . 

Figures  11  through  14  show  results  for  two  levels  of  iron 
inclusions.  These  occur  very  rarely  and  were  found  by  standard 
optical  inspections.  The  iron  rich  area  shows  increase  in  noise 
levels  and  reduction  in  amplitudes.  The  most  interesting  result 
is  for  the  large  iron  inclusion.  This  is  80  /xm  (0.0032  in.)  in 
size  and  definitely  performance  limiting.  For  this  defect,  we  see 
the  disappearance  of  all  resonances  and  an  increase  in  noise 
levels  for  all  frequencies  scanned. 
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4.0  NDE  AND  LIFE  TEST  OF  BALLS:  TASK  3.1.6s 


Following  these  initial  results,  another  production  lot  of 
7/16  in.  NBD-200  balls,  Lot#  932766.02,  was  investigated.  The 
object  was  to  classify  these  balls  by  considering  their  spectra 
and  by  comparing  these  spectra  to  those  of  the  balls  with 
artificial  defects. 

A  quantity  of  250  balls  was  tested.  Initially,  measurements 
on  the  same  ball  were  very  difficult  to  reproduce,  when  a  ball 
was  removed  and  replaced  over  the  acoustic  transducer.  This 
resulted  in  several  major  overhauls  of  the  optics,  acoustics  and 
electronics  because  a  system  malfunction  was  suspected.  Several 
of  the  previous  balnls  were  also  tested.  The  results  obtained  on 
those  balls  were  reproducible  with  some  minor  variations. 
Repeatability  problems  were  not  due  to  the  system,  but  rather  to 
the  fact  that  many  of  the  balls  had  small  compression  crack 
defects  on  the  surface  due  to  some  manufacturing  steps.  The 
characterization  and  source  of  these  defects  is  dealt  with  in 
Volumes  One  and  Three  of  this  document .  It  is  important  to  note 
that,  as  the  position  of  a  ball  vras  changed  with  respect  to  the 
test  set-up,  different  resonant  spectra  were  measured.  Several 
discussions  were  conducted  with  Charles  Burk  of  Norton  Advanced 
Ceramics.  A  decision  was  made  to  continue  the  tests  with  this 
manufacturing  lot.  Tests  were  continued  and  the  balls  were  rated 
according  to  empirical  criteria,  outlined  below. 

All  250  balls  were  measured  and  rated.  For  "good"  balls, 
the  measured  resonant  frequencies  agreed  reasonably  well  with  the 
theoretical  predictions.  For  certain  "bad"  balls,  the  resonance 
of  Rayleigh  and/or  whispering  gallery  waves  were  split  into 
multiple  peaks.  Turning  the  ball  under  the  same  condition  changed 
the  shape  of  the  multi-peak  signal.  This  phenomenon  could  be 
ascribed  to  asphericity,  i.e.,  geometric  deviation  from  a  perfect 
sphere,  which  modified  the  phase  condition  for  resonance.  "Bad" 
balls  with  surface  and  near-surface  defects  tended  to  scatter 
energy  from  the  Rayleigh  mode  into  other  resonant  modes.  The 
degree  of  "badness"  of  a  ball  may  be  evaluated  by  the  degree  of 
"scrambling"  of  the  signal  and  by  the  amount  of  deviation  of  the 
experimental  measurements  from  theoretical  predictions.  The 
higher-order  modes  were  more  sensitive  to  defects  than  Rayleigh 
mode  and  it  is  these  modes  that  "scrambled"  first. 
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other  evaluation  criteria  were  also  examined  and  these 
included  variation  in  resonance  amplitudes,  resonance  Qs ' , 
changes  in  apparent  surface  wave  velocity,  spacing  of  resonances, 
and  disappearance  of  resonances. 

All  these  considerations  led  to  establishing  the  following 
protocol  to  rate  these  balls:  In  a  certain  frequency  range,  the 
number,  spacing  and  sharpness  of  the  peaks  whose  amplitudes 
exceed  half  of  that  of  the  highest  resonant  peak  are  examined. 

Any  major  deviation  of  the  character  of  those  peaks  from  a  clean 
signal  can  be  ascribed  to  a  defective  ball.  For  instance,  a 
splitting  in  any  of  these  peaks  is  due  to  strong  asphericity, 
whereas  any  disappearance  or  major  deviation  in  spacing  or 
coupling  into  other  resonant  modes  of  these  peaks  is  ascribed  to 
major  surface  or  near-surface  defects. 

If  a  ball  passes  this  initial  "screening"  test,  it  is 
examined  further  by  looking  at  the  peaks  whose  amplitudes  exceed 
one  third  of  that  of  the  highest  peak.  The  same  evaluation 
criteria  are  followed.  In  this  case,  any  deviation  from  a  clean 
signal  is  ascribed  to  a  lesser  degree  of  "badness".  Figures  15  to 
19  show  examples  on  how  this  protocol  is  applied  to  specific 
defect  and  asphericity  cases. 

The  balls  rated  using  this  protocol  were  then  sorted  into 
eight  complements  of  28  balls  each.  Table  1  shows  the  sorting, 
which  was  some  attempt  to  put  the  "best"  balls  into  the 
complement  for  Test  Bearing  One,  progressing  to  the  "worst"  balls 
in  Test  Bearing  Eight.  The  228  balls  were  selected  in  this  way 
for  testing.  The  32  balls  rated  most  poorly  were  not  used  in  the 
life  testing.  Life  testing  was  performed  at  Timken  Research  and 
results  are  reported  in  Volume  One  of  this  document. 
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freq  (MHz) 


Figure  16:  Resonant  Spectrum,  7/16  in.  NBD-200  Ball 
Lot  932766.02,  Slight  Asphericity 
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5.0  PROGRAM  RESULTS  AND  CONCLUSIONS 


1.  A  system  for  measuring  the  resonant  spectra  of  spheres  in 
the  frequency  range  of  dc-80  MHz  was  developed.  The  system 
utilized  a  single  point  contact  and  thus  minimized  the  influence 
of  coupling  sound  into  the  balls. 

2.  At  low  frequency,  shear  and  torsional  resonance  can  be 
used  to  determine  the  material  properties  of  a  ball.  However, 
operating  in  this  region  is  insensitive  to  surface  defects. 

3.  Over  300  balls  were  inspected  at  higher  frequency  and  a 
protocol  was  developed  for  distinguishing  good  balls  from  balls 
with  asphericity  and  balls  with  surface  defects.  Results  show 
that  asphericity  results  in  splitting  of  the  surface  wave 
resonant  peaks,  and  surface  defects  result  in  the  introduction  of 
nev7  resonant  peaks  between  those  of  the  surface  waves. 

4.  The  system  was  quite  sensitive,  maybe  too  sensitive. 
Variations  in  the  spectra  often  resulted  when  a  ball  was 
retested.  This  may  be  due  to  slight  asphericity  as  different 
points  on  the  sphere,  are  used  as  "south  pole"  and  "north  pole". 
Unfortunately,  no  "perfect  balls"  could  be  obtained  to  test  the 
system  and  to  develop  a  more  precise  protocol.  The  detection 
system  was  tested  on  other  types  of  ultrasonic  devices  and  was 
found  to  work  as  predicted  down  to  displacements  of  the  order  of 
O.OOlA. 

5 .  A  theoretical  formalism  was  developed  to  determine  the 
frequency  of  the  surface  wave  resonant  modes  and  those  of  the 
first  several  orders  of  "whispering  gallery"  modes.  These  are  of 
interest  because  their  energy  is  concentrated  within  a  wavelength 
or  so  from  the  surface  of  the  ball.  There  is  very  good  agreement 
between  the  theoretical  predictions  and  measurements  of  these 
resonant  frequencies. 

6.  The  system  as  developed  is  not  limited  to  spherical 
objects  or  to  ceramic  objects.  Further  work  should  be  done  to 
determine  the  true  value  of  this  technology.  It  is  superior  to 
existing  technologies  because  of  the  single  contact,  wide 
frequency  range  of  operation,  and  ability  to  handle  balls  or 
other  objects  of  any  size.  The  merit  of  this  system  was  not  fully 
developed  due  to  a  number  of  unusual  circumstances. 


20 


7.  Although  the  system  was  not  completely  effective  in 
detecting  all  defects  that  were  life  limiting,  the  work 
accomplished  under  this  contract  has  led  to  numerous  improvements 
in  manufacturing  procedures  for  NBD-200  silicon  nitride  balls. 
This  is  a  very  important  program  benefit. 

8 .  It  is  strongly  recommended  that  further  work  utilizing 
this  technology  be  conducted  on-site  at  a  manufacturing  facility 
that  produces  silicon  nitride  balls.  In  this  way,  iterative 
improvements  in  both  this  inspection  method  and  the  product 
inspected  will  be  achieved  most  rapidly. 
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Appendix 


Laser-Ultrasound : 

One -Point -Contact  Measurement 


A.  1.0  INTRODUCTION 

In  the  previous  work,  we  described  the  method  of  the 
contact -contact  resonance  sphere  technique.  This  technique  is 
operable  in  two  frequency  regions.  In  the  low  frequency  region, 
the  technique  can  accurately  characterize  (one  in  104)  acoustic 
material  properties  such  as  longitudinal  wave  velocity,  shear 
wave  velocity,  and  Poisson's  ratio.  In  the  high  frequency 
region,  where  surface  wave  resonance  dominates,  it  can  be  used  to 
perform  surface  defect  inspection.  The  existence  of  surface 
defects  significantly  reduces  the  quality  factor  of  surface  wave 
resonance  modes.  However,  this  technique  has  certain 
limitations,  particularly  in  the  measurement  of  small  spheres. 

The  first  limitation  is  in  the  proper  alignment  of  the  two 
transducers,  because  the  transducers  are  mounted  on  springs  to 
simulate  the  free  oscillation  condition  of  the  sphere.  The 
second  limitation  is  in  controlling  the  contacting  load  between 
the  transducers  and  the  sphere.  As  the  sphere  gets  smaller,  the 
contact  pressure  and  area  between  the  transducers  and  the  sphere 
can  no  longer  be  ignored.  These  problems  can  be  circumvented  by 
a  one -point -contact  measurement  technique,  in  which  the  sample  is 
supported  by  a  concave  depression  in  a  buffer  rod  bonded  to  a 
transducer.  This  technique  uses  only  one  point  to  support  the 
sphere  as  well  as  excite  resonances  on  the  sphere.  The  resonance 
signal  is  detected  using  an  optical  interferometer  which  measures 
the  displacement  of  the  top  surface  of  the  sphere,  a 
non- contacting  detection  scheme. 
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A. 2.0  EXPERIMENTAL  SETUP 


Figure  A-1  shows  the  schematic  of  the  one -point -contact 
technique.  The  ball  is  placed  on  a  spherical  depression  (lens) 
in  a  buffer  rod  with  a  longitudinal  piezoelectric  transducer  on 
the  other  end.  The  radius  of  curvature  of  the  lens  is  larger 
than  that  of  the  ball,  so  that  the  ball  can  rest  at  the  bottom  of 
the  lens .  The  transducer  excites  resonances  on  the  ball  and  the 
interferometer  measures  vertical  displacements  of  the  waves  on 
the  ball  at  the  opposite  pole. 


Heterodyne  Interferometer 
(Amplitude  and  Phase  Measurement) 


Focusing  Lens 
Laser  Beam 

Ceramic  Ball 


1'^;  . 


Transducer 


Figure  A-1  One-Point-Contact  measurement  experimental  setup. 


A. 2.1  Hertzian  Contact 


The  only  contact  between  the  sphere  and  the  external 
environment  is  a  single  Hertzian  contact  with  a  diameter  of 
given  by^: 


d  =  2F 


U-i?J 


d 

(1) 


where 


41  E  E' 


and  R,  V,  E  are  the  radius,  Poisson's  ratio,  and  Young's 
modulus  of  the  lens,  R' ,  V,  E'  are  the  radius,  Poisson's  ratio, 
and  Young's  modulus  of  the  sphere,  and  f  is  the  total  contact 
force  (i.e.,  weight  of  the  sphere). 

For  a  fused  quartz  buffer  rod,  vcO.1694  and 
£=7 . 274*10^°Wewton/in2 .  For  a  hot  isostatically  pressed  Si3N4 
ceramic  (NBD  200),  v'=0.2616,  E' =3 . 223*10^^Newton/nt^ ,  and 
density=3270iCg/m^ .  In  Figure  A-2  we  show  two  calculation 
results.  The  first  one  shows  curves  for  contact  diameter  versus 
radius  of  a  SiaN^  ceramic  ball  sitting  on  a  fused  quartz  buffer 
rod.  Each  curve  stands  for  a  different  radius  of  curvature  of 
the  depression  on  the  buffer  rod.  In  Figure  A-2,  we  also  show  an 
extreme  case  where  there  is  no  depression  {R  =  infinity) .  The 
second  plot  shows  the  contact  diameter  versus  the  radius  of 
curvature  of  the  concave  depression  on  the  buffer  rod.  We  see 
that  for  each  size  of  ball,  the  contact  diameter  varies  only 
slowly  with  the  radius  of  curvature  of  the  depression  when  it  is 
sufficiently  larger  than  the  radius  of  the  ball. 

For  example,  with  £!=4mm,  a  1mm  diameter  ceramic  ball  with 
i?'=0.5mm,  we  calculate  d=0.45Mm.-  At  60  MHz,  where  the  surface 
wavelength  on  ceramics  is  around  lOOAim,  the  contact  diameter  is 
only  about  one  percent  of  the  wa’^elength,  and  thus  has  little 
effect  on  the  propagation  of  surface  waves. 

To  calculate  the  relationship  between  radius  of  ball  and 
radius  of  curvature  of  the  depression  for  most  efficient  surface 
wave  excitation,  the  contact  diameter  should  be  equal  to 
Xs/2  =  Vr/ (2-f)  ,  where  f(Kz)  is  the  operating  frequency,  and  Xg  and 
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Figure  A- 2 


(a)  Hertzian  contact  diameter  versus  radius  of 
ceramic  ball. 

(b)  Hertzian  contact  diameter  versus  radius  of  rod 
depression 


Vs_  are  the  surface  wavelength  and  surface  wave  velocity  on  the 
ball,  respectively.  For  Si3N4  ceramics,  T4=5758 . 5-m/sec,  the 
relationship  between  radius  of  ball  R'  and  radius  of  curvature  of 
the  depression  R  for  most  efficient  surface  wave  excitation  is 


1-5.5928-10“^^ 

Figure  A- 3  shows  the  optimum  radius  of  curvature  of  the 
depression  versus  operating  frequency  for  5  particular  radii  of 
ceramic  balls. 


Frequency  (MHz) 


Figure  A-3  Optimum  radius  of  curvature  of  the  depression  versus 
operating  frequency  for  5  different  radii  of  ceramic 
balls . 
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It  is  to  be  noted  here  that  we  are  interested  in  measuring 
resonance  spectra.  Therefore,  in  order  to  keep  the  resonance  Q 
high,  the  coupling  to  the  ball  should  be  weak.  The  contact 
diameter  should  be  much  smaller  than  l/lO  of  the  surface 
wavelength  in  order  not  to  interfere  with  the  propagation  of 
surface  waves.  For  fused  quartz  buffer  rod  and  Si3N4  ceramic 
ball,  the  minimum  radius  of  curvature  of  the  depression  becomes: 


R> 


_ ^ _ 

1-6.99M0"^V^^'^ 


(3. a) 


Figure  A- 4  shows  the  minimum  radius  of  curvature  required 
for  the  depression  on  a  fused  quartz  buffer  rod  with  different 
radii  of  Si3N4  balls. 


Frequency  (MHz) 


Figure  A- 4  Minimum  radius  of  curvature  of  the  spherical 

depression  for  a  Hertzian  contact  less  than  l/lO  of 
surface  wavelength. 
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We  can  also  combine  results  of  equation  (3. a)  with  the 
condition  for  generating  true  surface  waves  that  require 
k^a  >  100.  For  example,  for  a  Si3N4  ball  with  a  radius  of  4mm,  to 
generate  true  surface  waves,  the  frequency  has  to  be  higher  than 
23MHz;  this  corresponds  to  a  minimum  radius  of  curvature  required 
for  the  depression  of  only  4.089mm. 

A.  2. 2  Advantages  Of  The  One -Point -Contact  Technique 

The  one -point -contact  technique  has  advantages  over  the 
contact -contact  technique  because  it  does  not  require  alignment 
of  the  two  transducers.  Also,  the  contacting  load  between  the 
ball  and  the  transducer  is  predictable.  An  experiment  similar  to 
the  one -point -contact  technique  has  been  performed  by  Royer  and 
Shui  where  a  sphere  was  placed  on  a  three -point  mount  and 
resonance  was  excited  photoacoustically  by  a  modulated  laser 
beam^.  The  ball  had  a  diameter  of  20mm  and  was  made  of  stainless 
steel  with  13%  chromium.  They  determined  the  shear  wave  velocity 
and  the  longitudinal  wave  velocity  with  a  delay  line  method  with 
an  a:ccuracy  of  0.1%  and  measured  Vs=3290m/sec  and  V'i=5988m/sec . 
They  calculated  to  be  OOSl-m/sec.  They  reported  the 
observation  of  low  frequency  surface  wave  resonance  modes  up  to 
k^a-AO  which  corresponds  to  a  maximum  operating  frequency  of  1.95 
MHz . 


One-Point-Contact  has  several  advantages  over  the  contact- 
contact  method.  First,  the  only  connection  between  the  sphere 
and  the  external  environment  is  a  Hertzian  contact.  The  effect 
of  Hertzian  contact  on  the  resonance  of  the  sphere  is  adjusted 
for  minimum  contact  of  the  transducer  while  still  allowing 
maximum  free  oscillation  of  the  sphere.  Second,  it  is  more 
efficient  to  excite  resonance  by  a  direct  mechanical  contact. 

The  surface  displacement  of  the  transducer  piezoelectric  material 
LiNbOj,  (crystal -type  trigonal  3  ni,  propagation  along  Z  axis)  , 
active  area  1  mm^,  center  frequency  150  MHz,  fused  quartz  rod 
length  30  mm,  with  an  input  of  1  volt,  is  shown  in  Figure  A-5. 

The  top  plot  shows  a  frequency  response  between  DC  and  5  MHz ;  the 
bottom  plot  shows  a  frequency  response  up  to  300  Mhz .  The 
resonant  spectrum  in  the  low  frequency  is  due  to  resonance  of  the 
buffer  rod;  it  disappears  in  the  high  frequency  region  because  of 
attenuation  inside  the  buffer  rod.  We  see  that  we  can 
acoustically  excite  a  strong  displacement  on  the  ball.  Since  the 
photoacoustic  effect  on  ceramics  is  very  weak,  to  generate 
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surface  waves  using  laser  excitation  will  have  the  risk  of 
damaging  the  sample.  The  laser  for  the  interferometer  in  our 
setup  is  a  He-Ne  laser  with  a  power  of  4  mW  and  should  have 
negligible  thermal  effect  on  the  sphere.  Therefore,  the 
measurement  can  be  done  at  a  higher  signal -to-noise  ratio, 
compared  to  the  photoacoustic  method  which  is  very  inefficient  on 
ceramics.  Furthermore,  because  the  sphere  is  always  located  at 
the  bottom  of  the  concave  depression,  alignment  of  the 
measurement  system  for  different  spheres  of  identical  diameters 
becomes  trivial.  Finally,  there  is  no  limit  to  the  frequency 
range  over  which  the  measurement  can  be  made .  We  have  measured 
up  to  a  k^a  value  of  240,  in  this  case,  a  1/4  inch  diameter 
ceramic  bearing  ball  with  an  excitation  up  to  70  MHz. 


A. 2. 3  Optical  Detection  And  Heterodyne  Interferometer 

An  excellent  paper  written  by  Jean-Pierre  Monchalin  reviews 
various  optical  methods  to  detect  ultrasound  at  the  surface  of 
opaque  solids^.  Optical  detection  techniques  for  ultrasound  can 
be  classified  into  non-interferonatric  techniques  and 
interferometric  techniques.  The  former  are  well  developed  and  of 
limited  application,  while  the  latter  are  more  general,  and  are 
presently  the  object  of  active  developments. 
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Displacement(A) 


There  are  several  optical  techniques  used  to  detect 
ultrasound  that  are  not  based  on  interferometry:  the  knife-edge 
technique®'®'"''®'®'^®'^^,  the  surf  ace -grating  technique^^'^®,  the 
reflectivity  technique®^'®®,  and  a  technique  based  on  a  light 
filter®®'®’.  All  these  techniques  give  a  filtering  bandwidth  that 
is  fixed  and  determined  by  the  medium,  unlike  interferometry, 
which  enables  one  to  choose  the  most  suitable  bandwidth  easily. 

,  There  are  various  interferometric  detection  techniques  that 
can  be  classified  into  the  following  three  types:  optical 
heterodyning  interferometry®®'®®'®®'®®-®®,  differential 
interferometry®®'®^,  and  velocity  or  time-delay  interferometry®®-®®. 
Of  these  different  interferometric  detection  techniques,  optical 
heterodyning  interferometry  is  the  most  commonly  used,  and  is 
employed  in  our  experiment .  The  configuration  of  our  heterodyne 
interferometer  is  shown  in  Figure  A- 6®’. 


Refrence  Beam 


Detector 


Figure  A- 6  Optical  Heterodyne  Interferometer  configuration  for 
spherical  resonance  detection. 
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The  output  of  a  low  noise  He-Ne  laser  is  split  into  two 
parts.  One  part,  the  beam  in  the  reference  arm,  is  reflected 
twice  by  the  two  mirrors  and  sent  directly  into  the  photo 
detector.  The  second  part  is  sent  into  a  Bragg  cell,  an 
acousto-optic  modulator,  in  our  case  driven  at  SO-MHz.  The 
output  from  the  Bragg  cell  consists  of  several  diffraction 
beams^®.  An  iris  is  used  to  pass  only  the  first  diffraction  lobe 
which  is  frequency  shifted  by  the  Bragg  cell  frequency.  The 
Bragg  cell  is  rotated  to  an  angle  such  that  the  first  diffracted 
beam  has  maximum  intensity,  as  shown  in  Figure  A-6. 


We  call  this  first  diffraction  beam  the  probe  beam.  The 
probe  beam  is  deflected  by  the  mirror  and  reflected  by  the  north 
pole  of  the ' resonating  sphere.  The  optical  phase  of  the 
reflected  probe  beam  is  modulated  by  the  displacement 
/icos  (cOat+({)a)  of  the  resonating  surface,  where  /i,(x)a  snd  (fi^  stand 
for  maximum  displacement  amplitude,  angular  frequency,  and  phase 
of  the  acoustic  displacement  at  the  north  pole  of  the  sphere. 
Theoretically,  it  is  possible  to  calibrate  an  optical  heterodyne 
interferometer  and  measure  both  the  amplitude  and  the  phase  of 
the  displacement  as  will  be  shown  in  the  following  discussion. 


We  represent  the  reference  beam  sent  to  the  photo  detector 

by: 


R  =  R  exp{j[{aiLt + +  <t>;w )]} 


(4) 


Where  R,<Pr  and  are  the  amplitude,  phase  and  phase  noise 
of  the  reference  beam,  respectively,  and  is  angular  frequency 
of  the  laser.  The  reflected  probe  signal  has  the  form: 

5  =  Sexp[j[{(SiL  +  a>B>+<t)<>  +  ^sn  +  2KiUcos{(£ij+<^a)^,  ( 5 ) 

where  cog  is  the  angular  frequency  of  the  Bragg  cell;  S,  $5 
and  4)5^^  are  the  amplitude,  phase,  and  phase  noise  of  the  probe 
beam,  respectively;  and  Ki^  =  2n/Xi,  is  the  wave  number  of  the  laser 
beam.  For  the  Pie-Ne  laser, =  6325A  and  Xj,  =  1/1007  (l/A)  . 
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The  photo  detector  detects  the  intensity  of  the  incident 
light.  Therefore,  the  output  signal  from  the  photo  detector  is: 

|^  +  s|^=(^  +  5)(^*  +  5*)  = 

\Rexp{j[{(iiit  +  (|)^  +  (t);yy^)]} 

■¥Sexp[^{(£>l  +C05)r  +  <!)5  +<})5A^  +2KiUC0s[(iiat  +  <!fa)^ 
eAj7|-y[(co^r + <j)  +  <j)jyv )] j 

+Seap{-y[(co^  +  C03)r+(})5  +<1)5;^  +  2ir£Uco5((Dar+(i)a)]}] 

where  the  asterisk  stands  for  complex  conjugate.  Equation  (6) 
can  be  simplified  to  be: 


+  2SR  ci?5^CD £t + ~  ~  ^ rn  +  (j)^  )j 

For  Kjp.«'l.  (//  <<  1007A  for  He-Ne  laser  )  , 

cos]^KiU  cosla^T + (j)^ )]  =  1 ,  ( 8 ) 

and 

siT^KiUcos{Gij-^^a^  “  2KiUCos[(iiat+^^  (9) 

Therefore,  (7)  can  be  expressed  as  follows: 

^5^  +/?^j  +  2S/?|c05((05?  +  <t)5  — (j)^  +4>5A^  + 

—  sin{(iist  +  ^5  — <|)jj  +<t)5y  —  <l)/yy^)«/l[2^r£,MC05(a)af  +  4>a)]| 

» j + 25!R|c<7^((B5? + <1>s  ~  +  ^SN  ~ ^ 

- sin{cost  +  <1>5  -<])/?  +  ^sN  ~ ^rn) '  2KxUcos{Gij  +  (1)^)} 

=  (5^  +  j  +  25/?|c<J5(c05?  +  <!>5  ~  4>i?  +  ^SN  ~  ^RN  ) 

-  Kiu[sin{Gist  +  <j>s  -  <}>i{  +  ^SN  ~  ^RN  +  +  <l>a) 

-  sin{(iiBt  +  ^S~^R'^  ^SN  ~  ^RN  “  “  <t>a  )]} 
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(10) 


=  (5^ + + 2SR  cos((0£r ^sn  ~  ) 

—  2SRKiUSin^(cO£  +  (Og)t  +  05  —  <j>/j  +  05;\^  —  0;yv  +  0a] 

-  2SRK£^usin^(co£  —  (o^)t + 05  —  0/{  +  05jv  —  0jj/v  —  0^] 

In  expression  (10) ,  we  see  that  the  signal  output  from  the 
photo  detector  consists  of  four  parts:  a  dc  signal,  a  signal  with 
angular  frequency  co^,  and  two  signals  of  equal  amplitude  but 
different  angular  frequencies,  one  at  (cog+cOa)  ,  another  at  (0)3-03)  . 

Figure  A- 7  shows  a  typical  picture  of  the  output  of  a 
spectrum  analyzer  that  monitors  the  output  signal  from  the 
heterodyne 


Figure  A- 7  A  typical  picture  of  the  screen  of  a  spectrum 

analyzer  that  monitors  the  output  signal  from  a 
heterodyne  interferometer. 


interferometer  as  given  by  expression  (10) .  In  this  case, 
the  dc  signal  is  bloc)<;ed  to  protect  the  spectrum  analyzer.  As 
shown  in  the  picture,  the  main  band  is  the  signal  at  80  MHz,  our 
Bragg  cell  operation  frequency.  The  two  side  bands  are  of  equal 
amplitude  and  with  equal  frequency  distance  away  from  the  main 
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band.  The  frequency  difference  between  the  main  band  and  the 
side  band  is  the  frequency  of  the  acoustic  signal  on  the  sphere. 
From  the  last  expression  of  (10) ,  it  is  observed  that  the 
amplitude  ratio  between  the  main  band  and  the  side  band  is  equal 
to  1/Kip..  This  means  the  heterodyne  interferometer  can  be 
calibrated  absolutely,  and  that 

H  —  band  ^  _  AniplitudCgj jg  band  (11) 

AmpUtude^band  AmpUmde^band 

where  is  the  wavelength  of  the  laser.  For  He-Ne  laser  used  in 
our  experiment,  Ai=  632. 8nm.  For  this  wavelength,  equation  (11) 
becomes : 

If -1007  •‘^°^^^^^s^deband  (12) 

AmpUtude^band 


To  perform  broadband  detection  and  acquire  the  amplitude  and 
phase  of  the  resonance  signal,  it  is  necessary  to  analog  signal 
process  the  output  signal  from  the  interferometer.  A  schematic 
of  the  analog  signal  processing  of  the  output  from  the  heterodyne 
interferometer  is  shown  in  Figure  A-8.  The  signal  from  the  photo 
detector  (cosCOB+cOa)  is  dc  bypassed  and  then  split  into  two  parts. 
The  first  part  is  sent  into  a  phase  locked  loop.  The  output  from 
the  phased  locked  loop  is  an  80 -MHz  signal  whose  phase  follows 
the  variation  of  the  main  band.  The  second  part  is  low  pass 
filtered,  so  only  (coB-cOa)  is  passed.  These  two  signals  are  mixed. 
The  result  of  the  mixing  operation  is: 


2SR cos{^^t + (t>s  —<!>/{  +  ^sN  ~  ^rn) 

■2SRKiusin[{(i)s  -  co^)?  +  <|>5  —  <1>^  +  ^SN  ~  ^rn  ~  <l>a] 

=  2S^R^Kiusin[[2(0s  —  (0^)1  +  2(<t>5  —<]);?+  ^SN  ~  ^rn)  ~  <l>a] 

-  2S^R^K£USin[Gij  +  <}>^] 

The  output  from  the  mixer  is  seen  to  consist  of  two  parts, 
one  with  an  angular  frequency  of  (205-0)3)  ,  another  with  an  angular 
frequency  of  cOa-  This  two  part  signal  is  low  pass  filtered  so 
that  only  signal  at  the  acoustic  frequency  is  measured.  It  is 
observed  that  this  signal  is  a  scaled  version  of  the  acoustic 
signal,  and  is  immune  from  the  phase  noise  terms.  The  advantage 
of  using  the  heterodyne  interferometer  becomes  apparent  at  this 
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point,  where  it  is  apparent  that  this  type  of  detection  scheme  is 
immune  from  environmental  noise  (fluctuations  in  phase) .  This 
acoustic  signal  is  further  processed  using  the  method  discussed 
in  the  contact -contact  resonance  sphere  technique  to  determine 
both  its  amplitude  and  phase. 


Figure  A- 8  Signal  analysis  of  the  output  of  the  Heterodyne 
interferometer . 
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A.  3.0  EXPERIMENTAL  RESULTS 
A.  3.1  Low  Frequency  Measurement 

To  verify  the  results  of  the  contact-contact  resonance 
sphere  technique  and  to  qualify  the  one -point -contact  measurement 
system,  we  first  measured  the  low  frequency  spectrum  of  a  3/8 
inch  diameter  Si3N4  ceramic  bearing  ball.  The  frequency  spectrum 
in  amplitude  is  shown  in  Figure  A-9. 


Figure  A-9  Low  frequency  spectrum  of  a  Si3N4  ceramic  bearing  ball 
with  a  diameter  of  3/8  inch. 


As  seen  in  the  figure,  only  the  S^o  modes  and  the  Sq^  modes 
are  visible,  while  the  torsional  modes  disappear.  It  is  to  be 
noted  here  that  we  are  using  a  longitudinal  wave  transducer,  the 
excitation  is  normal  to  the  contact  surface  so  no  torsional  mode 
should  be  excited.  Even  if  we  excite  torsional  modes  using  a 
shear  wave  transducer,  since  torsional  wave  resonances  have  no 
radial  motion  and  their  vertical  displacement  is  equal  to  zero. 
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we  will  not  be  able  to  observe  the  torsional  modes.  This  is 
because  the  interferometer  detects  only  the  vertical  displacement 
of  the  surface.  This  also  demonstrates  one  of  the  alignment 
problems  in  the  contact -contact  measurement  where  we  used 
longitudinal  transducers  but  still  observed  torsional  wave 
resonances.  Comparing  to  the  contact -contact  measurement,  the 
one -point  contact  technique  is  incapable  of  observing  the 
torsional  modes,  but  it  has  considerable  advantages  in  the 
control  of  alignment  and  loading,,  and  yields  reproducible 
results. 

A.  3. 2  High  Frequency  Measurement 

.  We  have  also  used  the  technique  to  operate  in  the  high 
frequency  region  to  observe  surface  wave  resonances .  We  measured 
three  Si3N4  ceramic  bearing  balls  with  a  diameter  of  1/4  inch. 

We  first  measured  in  the  30  to  35  MHz  region  where  Jt^aslOO.  The 
results  are  shown  in  Figure  A- 10.  As  we  can  see  in  the  figure 
for  the  good  ball,  there  is  a  series  of  equally  spaced  peaks. 

The  modulation  of  the  peaks  is  probably  due  to  the  frequency 
response  of  the  transducer.  Balls  with  cracks  have  a  smaller 
surface  wave  resonance  amplitude.  This  is  because  the  cracks  are 
scattering  the  surface  waves .  Part  of  the  scattered  energy  goes 
into  bulk  waves  and  does  not  contribute  to  the  surface  wave 
resonance.  The  larger  the  surface  defect,  the  more  energy  is 
converted  to  bulk  waves,  causing  the  decrease  of  surface  wave 
resonance  amplitude. 

This  interferometer  can  observe  a  frequency  spectrum  from  around 
10  KHz  to  about  70  MHz.  The  limit  in  the  high  frequency  is  due 
to  the  physical  operating  frequency  of  the  Bragg  cell.  To  show 
this  capability,  we  measured  the  frequency  spectrum  of  the  same 
three  balls  from  65  MHz  to  around  70  MHz.  Figure  A-11  shows  the 
result  of  this  measurement. 


38 


30  30.5  31  31.5  32  32.5  33  33.5  34  34.5  35 

Frequency  (MHz) 

Figure  A-10  Amplitude  decrease  due  to  existence  of  surface 
defects . 


Good  Ball 
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Figure  A- 11  Scrambling  effect  at  high  frequencies,  we  see  some 
hybrid  modes  as  well  as  the  disappearance  of  some 
modes . 
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In  Figure  A- 11,  we  again  observe  a  series  of  equally  spaced 
peaks  for  the  good  ball.  For  balls  with  defects,  Figure  A-11 
shows  a  scrambling  effect  in  the  higher  frequency  range.  New 
resonances  appear  at  different  frequencies.  In  this  frequency 
range,  surface  cracks  act  like  secondary  sources  of  propagation 
of  surface  waves.  Since  waves  passing  by  cracks  suffer  a  phase 
change  and  an  amplitude  change,  the  primary  wave  generated  by  the 
transducer,  and  the  secondary  wave  generated  by  surface  cracks, 
interfere  with  each  other,  producing  the  scrambling  effect 
observed.  This  phenomenon  is  illustrated  in  Figure  A-12. 


Figure  A-12  Illustration  of  surface  crack  as  a  secondary  surface 
wave  source . 
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We  also  observed  another  phenomenon,  an  increase  of  apparent 
surface  wave  velocity  with  the  existence  of  surface  defects.  The 
surface  wave  velocity  Vg  calculations  show  that  the  circumference 
of  the  sphere  must  be  an  integral  multiple  of  surface  wave  length 
to  form  surface  wave  resonance : 


Therefore, 


integer  =  m  = 


2na 


2TZ<rf 

Vr 


v;here  m  =  n+2  is  the  number  of  waves  on  the  sphere. 


(14) 


(15) 


The  reason  there  is  an  increase  in  apparent  surface  wave 
velocity  with  the  existence  of  surface  defects  is  not  yet  clear. 

A  hypothesis  is  that  some  surface  waves  get  scattered  baclc  to  the 
source  before  the  waves  have  propagated  one  whole  circumference. 
Therefore,  the  distance  travelled  becomes  shorter,  so  the 
measured  apparent  surface  wave  velocity  is  larger.  The  result  is 
shown  in  Figure  A- 13. 


Figure  A-13  Increase  in  apparent  surface  wave  velocity  with 

existence  of  surface  defect.  Curves  of  the  small 
crack  case  and  the  large  crack  case  are  almost 
overlapped. 
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Results  from  the  above  three  figures  are  useful  for 
non-destructive  test.  We  have  shown,  qualitatively,  the  effects 
of  surface  defects  on  the  resonance  spectrum  of  the  balls.  We 
can  conclude  our  observations  as  (1)  decrease  in  Q,  (2)  overall 
decrease  in  surface  resonance  peak  amplitude,  (3)  scrambling 
effect  at  high  frequencies  (kj5as:2  00)  ,  and  (4)  increase  in  the 
apparent  surface  wave  velocity.  The  second  and  third  phenomena 
will  probably  take  too  long  to  finish  in  one  experiment,  while 
the  first  and  fourth  phenomena  seem  to  be  the  faster  ways  to 
observe  the  existence  of  surface  defects .  For  the  first 
phenomenon,  we  recall  the  measurement  of  Q  requires  curve  fitting 
phase  information  near  resonance  using  equation: 


6  =  6n- tan  - - - 

M 


(16) 


Where  ©o is  the  phase  at  resonance,  fg is  the  resonance  frequency 
at  each  point  and  Q  is  the  quality  factor. 


For  the  fourth  phenomenon,  we  use  equation  (15)  to  find  the 
apparent  surface  wave  velocity.  It  is  necessairy  to  be  able  to 
predict  surface  wave  resonance  frequencies  in  order  to  speed  up 
the  measurement.  To  do  this,  we  have  to  be  able  to  accurately 
calculate  material  properties  V2  and  in  advance.  In  section 
A.  3. 3,  we  will  discuss  the  dispersion  of  surface  waves  on  a 
sphere.  By  using  and  calculated  from  the  low  frequency 
measurement,  we  can  predict  each  one  of  the  high  frequency 
surface  resonance  modes  and  verify  with  high  frequency 
measurements.  In  section  A. 3. 4,  we  will  discuss  the  dependence 
of  acoustic  velocities  with  temperature.  It  is  useful  to 
establish  this  dependence  relationship  to  calibrate  for  high 
frequency  measurement. 


A. 3. 3  Dispersion  of  Surface  Waves  on  a  Sphere 

We  demonstrate  in  this  section  the  capability  of  the 
one-point-contact  technique  on  small  bearing  balls.  We  measured, 
from  100  KHz  to  70  MHz,  the  resonance  spectrum  of  a  good  Si3N4 
bearing  ball  with  a  diameter  of  1mm.  As  discussed  before,  in  the 
low  frequency  spectrum,  we  can  identify  resonant  frequencies  of 
bulk  resonant  modes.  We  see  thac  this  technique,  unlike  the 
contact  technique,  excites  only  spheroidal  modes.  This  is 
because  there  is  only  one  point  of  contact,  and  the  excitation 
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direction  is  in  the  normal  direction  of  the  contact.  It  also 
helps  to  explain  the  alignment  difficulty  for  the  contact -contact 
technique  where  we  observed  torsional  modes.  We  chose  two  high 
Q  spheroidal  modes  to  calculate  material  properties  of'  the  1mm 
diameter  sphere  using  equation  (17) ,  A  purely  torsional  case 
where  the  radial  component  of  W  is  equal  to  zero  and  the 
displacement  vector  is  given  by: 


«r3=0 

n{n  +  l))  sinQ  ^ 

n(n  +  l)  r  dv 


(17) 


In  equation  (17) ,  the  subscript  3  stands  for  the  solution  to 
'P  with  no  radial  component.  The  results  are  shown  in  Table  A-1. 
The  calculated  values  of  Vj  and  were  then  used  to  calculate  the 
dispersion  curve  of  surface  waves  using  equation  (17) .  For  each 
positive  integer  n,  the  first  solution  to  equation  (17)  is  mode 
Sno  ,  which  corresponds  to  surface  wave  resonance  mode  (there  is 
no  surface  wave  resonance  mode  solution  for  n  =  1) .  For  n  larger 
than  100,  the  equation  asymptotically  approaches  that  of  the 
Rayleigh  wave  characteristic  as  shown  in  equation  (18) : 

^  =  0.87379  +  0i20178v  -  0.077453v^  ( ^  ®  ^ 


Table  A-1 

Material  properties  of  a  ceramic  bearing  ball  with  a  diameter  of 
1.0  mm,  calculated  from  two  high  Q  spheroidal  modes. 


V (Poisson ' s 
Ratio) 

V,  (m/s) 

Vg  (m/s) 

Vj5  (m/s) 

0.26646 

10999 

6206.1 

5772.6 
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The  calculated  surface  wave  dispersion  curve  is  then 
compared  to  the  experimentally  measured  surface  wave  resonances, 
as  seen  in  Figure  A-13.  The  theoretical  prediction  and 
measurement  agree  with  each  other  very  well.  Each  one  of  the 
surface  wave  modes  is  predicted  and  measured.  This  means  if  we 
know  F,  and  accurately,  we  should  be  able  to  predict  where  the 
high  frequency  resonance  modes  are.  We  also  see  that  the 
apparent  surface  wave  velocity  asymptotically  approaches  a 
constant-true  Rayleigh  wave  velocity.  As  shown  in  Figure  A-14, 

Vr  starts  approaching  a  constant  when  . 


Frequency  (MHz) 

Figure  A-14  Dispersion  Relation  of  surface  waves  on  a  sphere. 
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A. 3. 4  Temperature  Calibration 


In  section  A. 3. 2  we  discussed  the  necessity  to  get  accurate 
numbers  for  VI  and  Vs.  In  this  section,  the  optical  probing 
technique  is  used  to  observe  the  change  in  acoustic  velocities 
with  respect  to  temperature  variation.  Figure  A- 15  illustrates 
the  temperature  changes  in  the  laboratory  within  a  42 -hour  time 
period. 


Time  (Hour) 


Figure  A- 15  Temperature  changes  in  the  laboratory. 


For  a  laboratory  temperature  variation  between  19°C  and 
26°C,  we  continuously  measured  two  high  Q  spheriodial  modes.  We 
then  used  these  two  modes  to  calculate  V^  and  V^.  Figures  A- 16 
and  A-17  show  the  calculated  velocity-temperature  relationship. 
In  Figure  A- 16. 


V;  =  11177  -  0.155247 

=  -1.38892  •  10"^  - 1.9291 1  •  10“^®r 

[Vi  dr 


and  from  Figure  A-17, 


X=6322.Z-0miS53T 

'  7T^  =  -1-38946-10"^  -1.9306M0"^°r' 
dT 


(20) 
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s^=4-k^ 


(21) 


Combining  equations  (19) ,  (20)  and  (21)  into  equation  (22) ,  it 

can  be  shown  that  Poisson's  ratio  is: 


v  =  0.264691+ 3.73871  X 10“^  r.  (22) 


11174.4 

11174.2 
11174.0 
11173.8 
11173.6 

11173.4 

11173.2 

19  20  21  22  23  24  25  26 


Temperature(°Q 


Figure  A- 16  Longitudinal  wave  velocity  change  versus  laboratory 
temperature  change  for  Si3N4  material 
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6321.2  11  I  I  I  I  I  r'l  I  I  1  I  I  I  j  I  1  I  t  I  I  n  I  1 


6320.5 


=  6322.8  -  0.0878537  1 


19  20  21  22  23  24  25  26 
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Figure  A- 17  Shear  wave  velocity  change  versus  laboratory 
temperature  change  for  Si3N4  material . 


Also,  combining  equations  (19),  (20)  and  (23) into  equation 

it  can  be  shown  that  the  Rayleigh  wave  velocity  is: 


'C^xc' 

X.  +  2|i 

X 

X 

0 

0 

0" 

dU;i  Idx 

X 

X+2n 

X 

0 

0 

0 

duyidy 

0^2 

X 

X 

X +2ji 

0 

0 

0 

duj  l^z 

0 

0 

0 

4 

0 

0 

(dMj,/92)  +  (3«2/0(y) 

0 

0 

0 

0 

0 

{Buj.  /  dz) + (dwj  /9r) 

0 

0 

0 

0 

0 

ldy)+ ^dUy  /  dxj 

Vji  =5828.18  -  0.08097677. 


(24)  , 


(23) 


(24) 
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Equations  (19) ,  (20)  and  (24)  all  show  a  decrease  in 

acoustic  velocity  with  an  increase  in  temperature.  This 
phenomenon  can  be  explained  by  the  following  physical 
interpretation.  Acoustic  velocity  is  equal  to  the  square  root  of 
stiffness  divided  by  density.  As  temperature  increases,  the 
material  becomes  softer  and  the  stiffness  decreases,  also,  the 
density  decreases  due  to  thermal  expansion.  Therefore,  as 
temperature  increases,  the  acoustic  velocity  decreases.  The 
ordinates  of  Figure  A- 16  and  A- 17  also  show  the  high  degree  of 
accuracy  in  our  measurement . 


The  above  argument  is  verif j.ed  by  calculating  the  dependence 
of  stiffness  constants  Cii=X+2/x  and  044=  jj.  where  X  and  /x  are  the 
Lam'e  constants^®.  The  theoretical  value  for  density  of  Si3N4 
ceramic  material  is  3270  Kg/m^.  Combining  equations  (19),  (20) 

and 


(25) 


we  get 


^  =  -1.13477 -10^157.6107 

dr 

^  =  -3.63282  •  10^  +  50.47677 
dT 


(26) 


A.  4.0  CONCLUDING  REMARKS 

In  this  Appendix,  we  demonstrated  a  new  technique  capable  of 
measuring  the  material  properties  of  spherical  objects  and 
capable  of  inspecting  them  for  the  presence  of  surface  defects. 
The  technique  uses  a  single  point  contact  to  excite  resonance  in 
the  object  and  an  optical  interferometer  to  measure  these 
resonances.  The  measurement  can  be  made  on  spherical  objects  of 
any  size  and  over  an  unlimited  frequency  range.  We  also  showed, 
for  the  first  time,  good  agreement  between  theory  and  experiment 
for  the  dispersion  relation  of  surface  waves  on  a  sphere.  This 
technique  has  the  potential  of  inspecting  nonmetallic  spheres,  or 
spheres  with  coatings  and  cylindrical  objects.  It  may  also  be 
applied  to  objects  of  uncommon  geometries. 
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